Abstract: Multielectrode arrays are more commonly used to investigate fundamental electrophysiological mechanisms of cardiac cell monolayers. However, a problem for investigating propagation direction dependent features such as propagation velocity or field potential rise time may arise through the presence of multiple active pacemaker centers in a cultured cell layer. Therefore, we developed a novel algorithm based on the spatial gradient of the wavefront's arrival time to extract information about the spatial and temporal distribution of active pacemaker centers in the cell layer. This information can be used to improve the analysis of propagation dependent features.
Introduction
Cardiac cell monolayers cultured on multielectrode arrays (MEAs) are commonly used for investigating the electrophysiology of cardiomyocytes at tissue level under normal or pathologic conditions [1] . Presence of multiple active pacemaker centers in a cultivated cell layer, however, causes problems in the investigation of propagation-direction-dependent features, such as the propagation velocity or field potential rise time [2] . This likely changes the origin of excitation and, consequently, changes the direction of wavefront propagation. The analysis of these parameters requires accurate information about the spatial distribution and temporal activation of these pacemakers centers. To overcome this problem, an algorithm was developed capable of extracting information from experimental data in order to study wavefront propagation characteristics of each single pacemaker center separately.
Methods
Cell culture: Primary embryonic cultures of ventricular cardiomyocytes from chicken were plated onto high-resolution MEAs. This MEA comprises 60 electrodes and is connected to a special data acquisition system (Multi Channel Systems MCS GmbH, Reutlingen). The extracellular signals were registered with a sampling rate of 20 kHz per electrode and the cells were actively held at a temperature of 37
• C. Besides the natural pacemakers, artificial stimuli were also used to alter and conduct the starting point of excitation. Algorithm: The source of excitation of a single wavefront is detected in registered data by calculating the spatial gradient (two dimensional) of the wavefront's arrival time in the MEA. Algorithm 1 shows a pseudo code description of the algorithm to estimate the spatial origin of the pacemaker center from registered experimental data. The calculated information of the spatial excitation source of each single wavefront propagation was further processed to identify local clusters of active pacemaker centers on the array. After locating each excitation source the temporal activity was determined. To allow a visual inspection of the quality of cluster separation, contour plots of each single wavefront propagating across the MEA were generated and superimposed on the information of the temporal distribution of the single active pacemaker centers. A high degree of inhomogeneity is a visual indicator for a false detection.
Results
A dataset of a multiple pacemaker cell layer experiment was analyzed to demonstrate the suitability of the proposed algorithm. Properties of this dataset are summarized in Table 1 . Figure 1 shows the estimated spatial distribution of the excitation sources outside the MEA's area. The degree of activity of each center is shown in Figure 2 . Temporal activation patterns of each detected pacemaker center are displayed in Figure 3 . Figure 4 shows superimposed contour plots for a visual quality check. 
Conclusion
The proposed algorithm provides detailed information about the temporal and spatial distribution of active pacemaker centers within a cell culture of primary cardiomyocytes. Employing MEA technology this information can be used for an investigation of wavefront propagation-direction-depended features in field potentials such as propagation velocity or field potential rise time [2] . This is crucial to obtain a better understanding of these characteristics and thus of the underlying physiological mechanisms. (Table  1) .
